We demonstrate the first long-wavelength (Xc= 20 pm) quantum WN infrared photodetector using non-lattice matched InxGaj-xAs/GaAs materials system. High optical gains (low capture probabilities) were achieved by using GaAs as a barrier material in this system. The dctcctivity has been found to be comparable to those achieved with the usual lattice matched GaAs/AlxGal -XAS detectors.
High performance GaAs/AIXGal.XAs quantum-well infrared photodetectors (QWIPS) as WC1l as large staring arrays that operate in the long-wavelength spectral region k= 7-12 ~m 1-15 have been demonstrated. However, longer-wavelength detectors arc required for a variety of application including many advanced NASA satellite missions. These space applications have placed stringent rcquircmcnts on the performance of the IR detectors and arrays such as high dctectivity, low dark current, high uniformity, radiation hardness and lower power dissipation. There is a additional interest in these very long-wavelength is duc to the fact that this spectral region is rich in information vital to the understanding of composition, structure and the energy balance of molecular clouds and stars forming regions of our galaxy. Therefore, NASA has great interest in infrared detectors both inside and outside the atmospheric windows (3-5 pm and 8-12 pm). This paper will present a study and development of a low-dark-current very longwavelcngth InXGal-XAs/GaAs QWIPS.
For all of the GaAs based QWIPS which have been demonstrated thus far, GaAs is the low bandgap well material and the barriers are lattice matched AIXGal-XAs, Ga0,51nOo5P or A100@0,5P. However, it is interesting to consider GaAs as the barrier material since the transport in binary GaAs is expected to be superior to that of a ternary alloy, as was previously found to be the case in the lno.S3G~.ATAs/InP binary barrier structures A~s. To achieve this, we have used the lower bandgap non-lattice matched alloy InXGal-XAs as well material together with GaAs barriers. It has been demonstrated 16!17 that strain layer hetcrostructures can be grown for lower In concentrations ( x <0. 15) which results in lower barrier heights. 'rhcrcforc, this hcterobarricr systcm is very suitable for very long-wavelength ( h >14 pm) QWIPS.
The samples were grown on semi-insulating GaAs substrates by molecular beam epitaxy. The first structure shown in Fig. 1(a) consisted of 5 sets of 80 @ 15Ga0.g5As qudntum WCIIS doped ND = 5 x 1017 cm-q separated by 500 ~ barriers of undopcd GaAs, with the top and bottom contacts being ND = 1 x 101 g cm-q doped GaAs. It should bc noted that unlike all the other QWIPS demonstrated thus far, in this structure the heavily doped contacts arc made using the high band gap (i.e. GaAs) semiconductor. This is quite different from the GaAs/AIXGal-xAs hetcrosystcm in which the GaAs is the low bandgap quantum WCII and contact material. This reversal for the InO+l $laO,gsAs/GaAs structure is necessary since a thick contact layer of the strained non-lattice matched Ino.1 sGao,gsAs material would have too many defects and threading dislocations. The design shown in Fig. 1 (a) overcomes this problem by making use of the strong band bending between the heavily doped GaAs contact layers and the first and last In0,15GaOo8sAs quantum wells. This results in a large tunneling current (schematically indicated by the double arrow in Fig. 1(a) , which essentially "short circuits" the first and last wells, thus effectively contacting the low bandgap material. The active QWIP structure therefore consists of the central three quantum wells.
The second structure, schematically shown in Fig. 1(b) is slightly different from the first structure consisted of 3 sets of 85 ~ In0,15Ga0,85As quantum wells doped NI) = 1 x 1017 cm-q separated by two 500 ~ barriers of undopcd GaAs, with the top and bottom contacts being ND = 1 x 1017 cm-~ doped GaAs. Also this structure has two additional undopcd GaAs spacer layers bctwccn the quantum wells and the top and bottom contact layers. As a result of these undopcd spacer layers and the lower contact doping, the tunneling injection current from contacts to the quantum wells expected to be smaller in this structure in comparison to the first structure.
All of the QWIPS were processed into 200 ~m diameter mesas (area = 3.14 x 10-4 cmz) using wet chemical etching and Au/Gc ohmic contacts were evaporated onto the top and bottom contact layers. The dark current voltage curves for both samples were measured as a function of temperature from T = 30-60 K as shown in Fig. 2 . As expcctcd, Fig. 2 clearly shows that the dark current of the second structure is many orders of magnitude smaller than the dark current of the first structure for temperatures up to 60 K ( dark current of the first structure at 60 K is out of range of Fig. 2 ) which indicates that the undoped spacer layers and the lower contact doping significantly reduced the tunneling injection current to the quantum wells. As a result the second structure is background-limited at a much higher temperature than the first structure. Note the reduced asymmetry in the dark current 18 II> of this device structures. This attributes to the lower WC1l doping (higher well doping will increase the dopant diffusion into the growth direction and hence higher asymmetry in the band structure).
The responsivity spectra of these 200 pm diameter mesa detectors were measured using a 1000 K blackbody source and a grating monochromator. The detectors were back illuminated through a 45° polished facetl and their responsivity spectrums are shown in Fig. 3 . The responsivitics of the first and the second structures peak at 15.3 pm and 17.5 Lm respectively. The peak rcsponsivitics (R p ) of the first and the second samples are 300 and 63 mA/W respectively at bias VB = 100 mV. The spectral widths and the cutoff wavelengths are Ah/ i = 50% and kc = 18.3 pm for the first structure and Akl L= 11% and kc = 20 pm (corrected for substrate absorption) for the second structure. The higher peak wavelength kP = 17.5 pm of the second sample is attributed to the slightly wider well width. These peak wavelengths and the spectral widths are in good agreement with theoretical estimates of bound-to-continuum intcrsubband transition based on the InO.15Gaog5As/GaAs band offset. Note that the sharp drop in responsivity of the second structure at longer wavelength ( A> 18 ~m) is duc to strong multi-phonon process in GaAs substrate which starts to absorb near k= 18 pm 2. Thus, the measured cutoff wavelength of the second structure is determined by the substrate absorption and not by intrinsic QWJP photo response. Therefore, the corrected (for substrate absorption) cutoff wavelength of the second structure is AC = 20 ~m. The absolute peak responsivities (R p ) of the detectors were measured using a calibrated blackbody source and results are shown in Fig. 4 , The measured absolute rcsponsivitics of both samples increase nearly linearly with the bias reaching Rp = 500 and 151 nA/W at VD = 150 mV for the first and the second device structures respectively. The lower rcsponsivity of the second sample is due to the factor of five lower doping density in the second sample.
The current noise in was measured using a spectrum analyzer and experimentally determined the optical gain g using in =~-+ l/2N. As shown in Fig. 5, optical gains of the first and second structures reached 10.5 and 8.5 at VD = 100 and 220 mV respectively which is very large compare to usual AlxGal -xAs/GaAs QWIPS. Since the gain of QWIP is proportional to the number of quantum wells N, the better comparison would be the well capture probability p c , which is directly related to the gain by g = l/NpC. The calculated well capture probabilities arc 16% at low bias and 3% at high bias voltage which indicate the excellent hot-electron transport in this device structures. This may be a result of the high mobility binary GaAs barriers. The peak dctectivity D* can now be calculated from D* = R =f/in, where A is the area of the detector and A = 3.14x10-4 cmz. Table 1 shows the D* values of both device structures at various temperatures at a bias of VB = 100 mV. The detcctivity of the first device structure could not be measured at T = 50 K due to the higher dark current. The detcctivity values in the Table 1 clearly show the advantage of the undopcd spacer layer which reduces the dark current by many orders of magnitude (and hence corresponding increase in the defectivity).
In summary, we have demonstrated Phys. Lctt. 55, 1659 Lctt. 55, (1989 . 18. A Zussman, B. F. Levine, J. M. Kuo and J. de Jong, J, Appl. Phys. 70,5101 (1991) . 19. The well capture probabilities (P c ) were calculated from g = 1 N'c, whcm N k the number of quantum wells. Unlike the first structure, this structure has two additional undoped GaAs spacer layers between the quantum-wells and the top and bottom contact layers. Fig. 2 Dark current versus bias voltage at two different temperatures for the first and the second device structure. This clearly indicates the reduction of dark current as a result of spacer layers which reduces the current injection into the photosensitive multi quantum well region. 
